We have obtained Escherichia coli mutants lacking spermidine synthase (putrescine aminopropyltransferase) and have found that the mutated gene (speE) is located immediately upstream from the gene coding for S-adenosylmethionine decarboxylase (speD); these genes are located at 2.7 minutes on the E. coli chromosome. Both genes are present in a 1795-base-pair fragment of E. coli DNA that was cloned into pBR322. Deletion of 105 bases upstream of speE caused a coordinate loss of both activities, indicating that speE and speD constitute a single operon. speE and speD have also been cloned separately in a high-expression vector; strains carrying these plasmids overproduce the respective enzymes.
The polyamines putrescine, spermidine, and spermine are widely distributed in biologic materials and are often present in high concentrations. These amines have been shown to be essential for growth in a number of organisms and have been implicated in the regulation of a wide variety of physiological functions. The biosynthetic pathway for putrescine and spermidine was first characterized in Escherichia coli ( Fig. 1 ) and has been shown to be highly conserved in most other prokaryotic and eukaryotic cells. (For reviews, see refs. 1 and 2.)
The genes in E. coli for most of the steps for polyamine biosynthesis have been identified and mapped (1, (3) (4) (5) . However, the gene for spermidine synthase (putrescine aminopropyltransferase) has not been located, even though we have previously purified and characterized the enzyme (6) . We now show that a gene (speE) essential for the biosynthesis of spermidine synthase is located immediately upstream from the gene for S-adenosylmethionine decarboxylase (speD); both genes constitute a single operon located at 2.7 minutes on the chromosomal map. We have cloned each gene separately into a high-expression vector; strains carrying these plasmids overproduce the corresponding enzymes.
MATERIALS AND METHODS
The various bacterial strains and plasmids described in this paper, as well as the intermediates used for their construction, are listed in Table 1 and Fig. 2 . The size of the E. coli DNA inserted in each plasmid is indicated in Fig. 2 (solid line). The methods used were those described in refs. 12, 14,
15.
The bacteria were grown in a defined medium (16) to which was added a mixture of amino acids and nucleotide bases (each at [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ,g/ml), thiamin (0.002%), calcium pantothenate (5 ,g/ml), and glucose (0.4%). Kanamycin (30 ,ug/ml) and ampicillin (100 ,ug/ml) were added when the organisms contained plasmids with the kanR or ampR gene. The cells were usually grown at 370C, with shaking, to a density of approximately 5 x 108 bacteria per ml. Cells containing the temperature-inducible plasmid pGP1-2 (11) were grown at 30°C until the density was -5 x 108 bacteria per ml. They were then incubated at 42°C for 15 min and then at 30°C with shaking for 1 hr before harvesting.
Bacteria (200 ml of culture) were harvested, washed with 50 mM Tris HCl/1 mM EDTA (pH 8.2), and resuspended in 2 ml of the same buffer. Cells were ruptured in a French press (Aminco) at 20,000 pounds per square inch (137.8 MPa), and the extract was centrifuged at 18,000 x g for 30 min.
S-Adenosylmethionine decarboxylase was assayed as previously described (8) (17) . The solvent was allowed to run off the bottom of the paper. Under these conditions, putrescine migrated 12 ± 2 cm, spermidine migrated 2 ± 0.5 cm, and spermine migrated about 0.5 cm. The carrier amines were visualized by ninhydrin; the spots were cut out for measurement of radioactivity in a scintillation counter. In the absence of any enzyme, the blank value in the spermidine area was =0.4% of the putrescine added. Unlabeled decarboxylated S-adenosylmethionine was obtained from G. Stramentinoli via G. Cantoni (National Institute of Mental Health). A unit of enzyme is defined as the amount of enzyme required to form 1 ,umol of spermidine per min under the above conditions. No correction was made for dilution of the added isotope by endogenous putrescine or by decarboxylated S-adenosylmethionine. The protein content of the extracts was determined by the Bradford method (18) .
Polyamine Assays. The putrescine and spermidine content ofthe bacteria was assayed by ion-exchange chromatography of acid-soluble extracts (19) with the use of a fluorescencedetection system based on reaction with o-phthalaldehyde (20) .
Abbreviation: bp, base pair(s).
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RESULTS
Evidence That the Gene for Spermidine Synthase (speE) Is Adjacent to the Gene for S-Adenosylmethionine Decarboxylase (speD). Wild-type E. coli strain 71-18 contains 0.4 milliunit of spermidine synthase activity and 0.8 milliunit of Sadenosylmethionine decarboxylase per mg ofprotein (Table 2) . When a deletion mutation that we had previously (4) defined as speD-(i.e., lacking S-adenosylmethionine decarboxylase) was transduced into this strain, the resultant organism lacked both activities (Table 2) . Thus the AspeD mutation that we previously described should now be designated A(speE-speD).
Introduction of a plasmid containing a 1795-bp DNA insert (e.g., pSPD16, pSPD18, or pSPD19) into the A(speE-speD) mutant resulted in a restoration of both spermidine synthase and S-adenosylmethionine decarboxylase activities; the levels of these enzymes in these strains are considerably higher than those found in the wild-type strain ( Table 2) .
Evidence That speE and speD Are Part of a Single Operon. DNA fragments of various sizes were prepared by BAL-31 nuclease treatment of the upstream portion of the speE-speDcontaining DNA (as described in the legend to Fig. 2 ). As seen in part A of Table 3 , removal of =150 bp from the (4, 8) . On the basis of the data in this paper, they should be designated A(speE-speD). bObtained from S. Tabor (Department of Biological Chemistry, Harvard Medical School, Boston).
cConstructed by S. Jakowski and obtained from B. J. Bachmann (E. coli Genetic Stock Center at Yale University, New Haven, CT).
dA TnlO transposon was inserted into EWH319 by P1 transduction from strain SJ2. This transposon is located at about 3.2 minutes on the E. coli chromosome and is transduced at a 40% frequency with speD. The AspeD, tetR, and pan-characteristics were then transferred to strain 71-18 by P1 transduction, resulting in strain HT551; or to K38/pGP1-2, resulting in strain HT581; or to K38, resulting in strain HT582. ePlasmids constructed in the current study are described in Fig. 2 . apSPD5 is a pBR322 derivative containing speD' DNA from E. coli and was derived from one of the Clarke-Carbon plasmids as previously described (8, 10) . pSPD5 was treated with BstEII. Aliquots were then treated with BAL-31 nuclease for various times. The upstream portion of cut fragments was further shortened by cleavage at the single HindIII site. After formation of blunt ends by treatment with the Klenow fragment of DNA polymerase I, these DNA fragments were self-ligated and used to transform a A(speE-speD) strain. Colonies with plasmids containing DNA inserts of various sizes were selected. The approximate sizes of the DNA inserts were as follows (as determined by agarose gel electrophoresis): pSPD16, 1795 bp; pSPD16C, 1745 bp; pSPD16D, 1650 bp; pSPD17, 1580 bp; and pSPD16F, 1355 bp. The size of the 1795-bp insert in pSPD16 was confirmed by sequence analysis. The numbering represents the number of base pairs from the upstream end of this insert.
bThe DNA from pSPD16 was cut with HindIII and Pvu II. The 1795-bp fragment was ligated into the HindIII-HincIl sites of pUC8, resulting in pSPD18. cpSPD16 was treated with Pvu II and EcoR. (The EcoRI site was in the portion derived from pBR322.) The EcoRI-Pvu II fragment was ligated into the EcoRI-Sma I sites of pT7-3 to form pSPD19. In a comparable way, pSPD20 was formed by ligating the 1580-bp fragment of pSPD17 into pT7-3. In both pSPD19 and pSPD20 the ligation was carried out in such a way that the T7 promoter was located upstream of the DNA insert (i.e., at the left of this figure). dpSPD18 was treated with EcoRV; this deleted 410 bp. The large fragment was religated to form pSPD22. CpSPD18 was treated with Sma I (the Sma I site is located in the cloning site of the pUC8 vector) and then partially digested with HincHI. The -3913-bp DNA fragment, containing a 1274-bp insert, was isolated by electrophoresis in a low-melting-point agarose gel (13) and religated to form pSPD23.
IpSPD18 was treated with Hpa I and BamHI (the BamHI site was in the cloning site of the pUC8 vector). The 1700-bp fragment was then isolated by electrophoresis in low-melting agarose (13) and ligated into the BamHI and HincII sites of pUC8 to form pSPD24. pSPD24 was treated with HindIII and BamHI. The 1713-bp fragment was ligated into the HindIII and BamHI sites of pT7-4 to form pSPD25. The ligation was carried out in such a way that the T7 promoter for p17-4 was located upstream of the DNA insert. 9pSPD25 was digested with Nco I; this deleted 221 bp. The larger fragment was religated to form pSPD26. hpSPD25 was digested with Pst I (in the cloning site of the vector) and partially digested with Ava II. After treatment with the Klenow fragment of DNA polymerase, the desired fragment (-3600 bp) was isolated by electrophoresis in low-melting agarose (13) and religated to form pSPD27.
upstream end resulted in a marked loss of both spermidine origin of the insert (Table 4 , part B). It seems likely from these synthase (speE) and S-adenosylmethionine decarboxylase data that speE and speD are part of a single operon and that (speD) activities, even though, as shown below, the speD there is a strong polar effect of deletions in the upstream end of gene is located about 1000-1800 bp downstream from the the DNA.
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LLLL... ZII b71-18 A(speE-speD) is also designated HT551 (Table 1) .
CpSPD16, pSPD18, and pSPD19 contain the 1795-bp DNA insert in pBR322, pUC8, or pT7-3, respectively. (See footnotes to Fig. 2.) Since these findings might be the result of deletion of a common promoter, we constructed plasmids in which the DNA insert with a deletion in the putative promoter area was placed downstream from a strong external promoter. We used the T7 promoter/vector system described by Tabor and Richardson (11) . The DNA insert, with a deletion in bp 1-105, was placed in a plasmid immediately downstream of the T7 promoter, 410 (pSPD25); this promoter is not effective unless the cell also contains a source of T7 RNA polymerase. Thus, in the strain without a source of RNA polymerase, only a small amount of either spermidine synthase or Sadenosylmethionine decarboxylase activity was observed (Table 3 , part B); e.g. with strain 71-18 A(speE-speD) containing pSPD25. However, after infection with M13 mGP1-2 (which contains T7 gene I downstream ofthe ,B-galactosidase promoter),. high levels of both spermidine synthase and S-adenosylmethionine decarboxylase were observed in the presence of isopropyl /3-D-thiogalactoside.
Similar results were found in a different experiment when pSPD25, which lacks bp 1-105, was present in a different host [K38 A(speE-speD)] in which T7 RNA polymerase was supplied by heat induction of gene I on another plasmid (pGP1-2); under these conditions the amount of spermidine synthase activity increased 4-fold, and the amount of Sadenosylmethionine decarboxylase activity 10-fold. speE Is Located Upstream of speD. Various deletions were made in the upstream portion of the DNA insert as described in the legend to Fig. 2 . The resulting DNA fragments, after ligation into plasmid pT7-4, were inserted into a strain carrying pGP1-2 as described above. No spermidine synthase was found even after induction, although high levels of S-adenosylmethionine decarboxylase were produced (Table 4 , part A). Thus, speE is located in the upstream half of the 1795-bp DNA insert.
Deletions have also been made in the downstream half of the DNA insert, as described in the legend to Fig. 2 . Strains containing the resultant plasmids had high spermidine synthase activity but lacked S-adenosylmethionine decarboxylase activity (Table 4 , part B).
Polyamine Content. A(speD-speE) strains do not contain any spermidine. When a plasmid containing the speE+ and speD+ genes is placed in such strains, high levels of spermidine are produced (data not shown). When the plasmids have deletions in either the speD or speE genes, the cells have no spermidine.
DISCUSSION
We have previously described the purification of spermidine synthase from E. coli (6) . However, since we had no mass screening assay for this enzyme, we were unsuccessful in our search for mutants lacking this enzyme. Differential growth on bDeletions are expressed in relation to the 1795-bp DNA insert of pSPD16 (see Fig. 2 ).
CT7 gene 1 codes for T7 RNA polymerase (11) . M13 mGP1-2 contains T7 gene I downstream to the /3-galactosidase promoter of M13 mp8. pGP1-2 contains the T7 gene I on a pBR322 derivative (see Table 1 footnote g and ref.
11). Both M13 mGP1-2 and pGP1-2 were supplied by S. Tabor and C. C. Richardson. In experiments with M13 mGP1-2, the bacteria in M9 medium containing 0.25 mM isopropyl thiogalactoside were infected with M13 mGP1-2 at a multiplicity of -5 and incubated for 90 min at 37°C prior to harvesting. In experiments with pGP1-2, gene I was induced by 43°C treatment as described in Materials and Methods.
dThe bp 1-105 deletion was obtained by treatment of the DNA insert with Hpa I (see Fig. 2 footnote f). The DNA with the bp 1-105 deletion was inserted into pT7-4 as described in the legend to Fig. 2 . pT7-4 contains the T7 410 promoter, immediately upstream of the DNA insert.
This promoter, however, is not functional unless a source of T7 gene I (M13 mGP1-2 or pGP1-2) is also present and induced.
epT7-4 is the vector plasmid and has no DNA insert.
Genetics: Tabor et al. Fig. 2 for the construction of these plasmids.
bDeletions are expressed in relation to the 1795-bp DNA insert of pSPD16 (see Fig. 2 ).
cEnzyme assays were carried out after induction of gene I in pGP1-2 as described in Materials and Methods.
purified media could not be used for screening, since spermidine-deficient E. coli grow almost as well as wild-type strains (19) .
In the current paper we describe mutants (speE) that do not contain any spermidine synthase, and show that speE is located immediately upstream of speD. The data in Table 3 indicate that speE and speD are part of a single operon at 2.7 minutes on the E. coli chromosomal map (19) ; both genes appear to be under the control of a single upstream promoter. Further studies are needed, however, to establish the nature of this coordinate control more definitively. The variable ratios of spermidine synthase to S-adenosylmethionine decarboxylase in different experiments need to be explained. The other genes in the biosynthetic pathway (Fig. 1) are not part of this operon, as they are located at =63 minutes on the E. coli chromosomal map (3, 5) .
It is likely that speD represents the structural gene for S-adenosylmethionine decarboxylase, since in preliminary studies* with the T7 promoter/vector system, we showed that a plasmid containing a speD+ fragment directed the synthesis of a proenzyme form of this enzyme. However, we have insufficient data yet to state whether the speE gene represents the structural or a regulatory gene for spermidine synthase. (See Note Added in Proof.) Defects in either speD or speE result in the absence of spermidine in the mutant strain when grown on a purified medium. Both strains should also be unable to form 5'-methylthioadenosine by this pathway. Although we have not tested the growth characteristics ofeach ofthe strains described in this paper, we have previously shown (19) that strains lacking spermidine [as a result of a A(speE-speD) mutation] show only a minimal (-15%) decrease in growth rate compared to growth in spermidine-supplemented medium. Presumably the putrescine that is present in these strains is sufficient to support almost normal growth; strains that lack both putrescine and spermidine grow much more slowly (4).
Since the plasmids described in this paper can be used to overproduce spermidine synthase and S-adenosylmethionine decarboxylase, they will be useful in studies on the structure of these two enzymes, as well as on their regulation and their amino acid sequences. 
